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The identification of fecal pollution sources is commonly carried out using DNA-based methods. However, there is evidence that
DNA can be associated with dead cells or present as “naked DNA” in the environment. Furthermore, it has been shown that
rRNA-targeted reverse transcription-quantitative PCR (RT-qPCR) assays can be more sensitive than rRNA gene-based qPCR
assays since metabolically active cells usually contain higher numbers of ribosomes than quiescent cells. To this end, we com-
pared the detection frequency of host-specific markers and fecal bacteria using RNA-based RT-qPCR and DNA-based qPCR
methods for water samples collected in sites impacted by combined sewer overflows. As a group, fecal bacteria were more fre-
quently detected in most sites using RNA-based methods. Specifically, 8, 87, and 85% of the samples positive for general entero-
cocci, Enterococcus faecalis, and Enterococcus faeciummarkers, respectively, were detected using RT-qPCR, but not with the
qPCR assay counterpart. On average, two human-specific Bacteroidalesmarkers were not detected when using DNA in 12% of
the samples, while they were positive for all samples when using RNA (cDNA) as the template. Moreover, signal intensity was up
to three orders of magnitude higher in RT-qPCR assays than in qPCR assays. The human-specific Bacteroidalesmarkers exhib-
ited moderate correlation with conventional fecal indicators using RT-qPCR results, suggesting the persistence of nonhuman
sources of fecal pollution or the presence of false-positive signals. In general, the results from this study suggest that RNA-based
assays can increase the detection sensitivity of fecal bacteria in urban watersheds impacted with human fecal sources.
Sewage overflows and stormwater runoff introduce high levelsof fecal bacteria into surface waters and are considered the
primary cause of water quality impairments in urban watersheds,
particularly those affected by combined sewer overflows (CSOs)
(1, 2). Sewage contamination of surface waters poses a serious risk
to human and environmental health via waterborne disease out-
breaks (3–5), deterioration of recreational and drinking water
quality (6, 7), and degradation of aquatic ecology (8, 9). Hence,
identifying the primary source(s) of fecal contamination is imper-
ative to enable bestmanagement practices formitigating pollution
and public health risks.
Microbial source tracking (MST) methods targeting fecal bac-
teria have recently been used to identify the sources of fecal con-
tamination impacting water systems (10, 11). Many of these MST
methods are based on quantitative PCR (qPCR) assays targeting
the bacterial rRNA genes present within water DNA extracts (12,
13). However, the value of DNA-based monitoring in microbial
ecology studies is limited by the possibility of DNA being associ-
ated with dead cells or the extent to which “naked DNA” may
survive in the environment once bacteria are lysed (14–16). These
facts pose a significant challenge to the environmental fate and
transport of fecal bacteria which are often assessed via quantifica-
tion of targets in spatial and temporal studies. Consequently,
source tracking data based on amplification of genetic markers by
DNA-targeted qPCR methods may not distinguish between re-
cent and past contamination events since DNA of some bacteria
can persist after cell death for a prolonged period of time (16). The
use of intercalating DNA-binding chemicals, such as propidium
monoazide, have been previously suggested to discriminate be-
tween viable and dead cells via inhibition of PCR amplification of
DNAderived fromdead cells (15). Interferences due to particulate
matter present in environmental samples limit the use of these
chemicals for MST assays. To circumvent the aforementioned
limitations, rRNA has been proposed as an alternate target in the
detection of fecal bacteria, primarily because of its poor stability
outside the cell (17) and its correlation with cell activity (18).
However, one disadvantage of RNA based detection is that it may
be difficult to equate rRNA copy numbers to actual cell densities
due to the strong correlation of rRNA expression with physiolog-
ical state of the cell. RNA-based reverse transcription-qPCR (RT-
qPCR) assays have been utilized in a number of microbiological
studies, such as the detection of bacterial contamination in blood
(19), subdominant bacteria in human intestines (20), and assess-
ment of nitrification in wastewater treatment (21).
To unambiguously identify fecal pollution associated with re-
cent contamination events (22, 23), it is necessary to distinguish
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active microbial cells from dead cells. Fecal bacterial groups such
as Bacteroidales are obligate anaerobes presumed to survive only
for short periods of time after released into water (24, 25). Hence,
it would be preferable to detect host-specific markers associated
with metabolically active Bacteroidales populations. We theorize
that in order to better assess the impact of fecal pollution it is
important to target active cells via rRNA-based detection of gene
markers in fecal source tracking studies. Sincemetabolically active
cells usually contain higher numbers of ribosomes than quiescent
cells (26), it is not a surprise that recent studies have shown that
rRNA-targeted RT-qPCR assays can bemore sensitive than rRNA
gene-based qPCR assays (27, 28). In addition, the rRNA/rRNA
gene ratio from each target bacterium is an important indicator of
its metabolic status within bacterial communities and has been
used to provide an estimate of in situ bacterial growth rates (29,
30). Thus, it is reasonable to propose that rRNA transcripts should
better reflect the diversity of the predominantly metabolically ac-
tive members of the microbial community.
Investigations examining the simultaneous occurrence and
prevalence of both rRNAand rRNAgene targets of fecal indicators
in surface waters are limited. To our knowledge, there has been
minimal data on the evaluation of rRNA-targeted qPCR assays
(i.e., rRNART-qPCR) for the detection and quantification of fecal
bacteria in water samples affected by CSOs. In this study, we ap-
plied RT-qPCR and qPCR assays targeting human-specific Bacte-
roidales markers (HF183 and BacHum), Escherichia coli, Entero-
coccus spp., Enterococcus faecalis, and Enterococcus faecium to
identify and quantify fecal contamination in water. The templates
used in this study were RNA and DNA extracted from surface
water samples collected fromDuck CreekWatershed (Cincinnati,
OH), since CSOs and sanitary sewer overflows (SSOs) are as-
sumed to be the primary sources of fecal bacteria in the watershed
during wet weather events (31, 32).
The objectives of this study were to compare the detection
frequency of the different rRNA gene-targeting assays using both
RNA andDNA as the templates and to evaluate the distribution of
targeted fecal bacteria, including source-specific markers, across
an urbanwatershed impacted by sewage pollution. In addition, we
studied the correlation between human-specific Bacteroidales
markers and conventional fecal indicators using rRNA based RT-
qPCR to better evaluate the efficacy of using these markers for the
detection of human fecal pollution.
MATERIALS AND METHODS
Study sites and sampling.Water samples were collected from11 different
sampling sites within the Duck Creek Watershed (Table 1) over a period
of 10 weeks from October 2012 to December 2012. Streams in the water-
shed do not meet OhioWater Quality Standards (WQS; OAC 3745-1) for
bacteria during dry or wet weather (32). The Duck Creek, Little Duck
Creek, andDeerfieldCreek are the primary tributaries in thiswatershed,with
their confluence locatedwithin the combined sewer service area in the city of
Cincinnati. These three streams discharge into Little Miami River which
eventually drains into the Ohio River. CSOs and SSOs are considered the
primary sources of human fecal pollution in the watershed (31), and the
sampling siteswere chosenbasedonCSO locations andwatershed runoff. All
sites have been previously monitored for the presence of human fecal pollu-
tion through human-specific molecular markers (33).
Water samples were collected using sterilized 1-liter bottles (Nalgene,
Rochester, NY) and transported on ice to the laboratory at the University
of Cincinnati (Clifton, OH) within 2 h of collection. The water samples
(200 to 1,000ml) were filtered onto 0.45-m-pore-size, 47-mm-diameter
mixed cellulose estermembranes (Millipore, Billerica,MA) at theUniver-
sity of Cincinnati and frozen immediately at80°C. Extraction controls
with autoclaved distilled water were used during filtration to monitor for
potential extraneous DNA contamination. The membranes were trans-
ported on ice coolers prior to the laboratory in the U.S. Environmental
Protection Agency (Cincinnati, OH), where the nucleic acid extractions
were conducted.
RNA and DNA extraction. RNA and DNA were extracted from the
membranes as described elsewhere (27). Briefly, frozen membranes were
subjected to bead-beating using DNase and RNase free glass beads (Mo
Bio Laboratories, Inc., Carlsbad, CA) in the presence of lysis buffer (Buffer
RLT Plus; Qiagen GmbH, Hilden, Germany) containing -mercaptoeth-
anol (Sigma-Aldrich Co., St. Louis, MO). The cell lysate was centrifuged,
and the supernatant was used for simultaneous extraction of RNA and
DNA with the AllPrep DNA/RNA minikit, following the manufacturer’s
instructions (QiagenGmbH). RNAwas further purified using anAmbion
TurboDNA-free DNase kit prior to the reverse transcription step, follow-
ing the manufacturer’s instructions (Life Technologies, Grand Island,
NY). The concentration and purity of RNA and DNA was determined by
using Qubit RNA and dsDNA HS assay kits and a Qubit 2.0 Fluorometer
(Life Technologies). cDNA was synthesized on the extraction day from
the purified RNA extracts using random hexamer primed Superscript III
system for RT-PCR as described previously (27). Both cDNA and DNA
were stored at20°C for subsequent analyses.
qPCR analyses. The occurrence and relative abundance of six differ-
ent fecal bacterial markers in environmental water samples was measured
using TaqMan qPCR assays (Table 2) and cDNA and DNA extracts as the
templates. The targeted fecal bacterial groups were E. coli (EC23S857 as-
say) (34), Enterococcus spp. (Entero1 assay) (35), Ent. faecalis (Faecalis
TABLE 1 Description of the Duck Creek watershed sampling sites
Site Location
Presumed primary fecal
contamination source Surroundings
1 5076 Wooster Road (Duck Creek) CSO, urban runoff Industrial
2 Red Bank Road and Columbia Parkway overpass (Duck Creek) CSO, urban runoff Industrial
3 3601 Old Red Bank (Duck Creek) CSO Residential
4 Germania and Bancroft (Little Duck Creek) Urban runoff Residential, vegetation
5 Settle Street (Little Duck Creek) Urban runoff, septic tanks Residential, vegetation
6 Camargo Road (Little Duck Creek) Urban runoff, septic tanks Residential, vegetation
7 Red Dog Hotel (confluence of Duck Creek and Deerfield Creek) CSO, domestic pets Pet care facility, vegetation
8 John Parker School (Deerfield Creek) CSO, domestic pets School, grasslands
9 BMW store (Deerfield Creek) CSO, urban runoff Interstate, car showroom
10 3715 Madison Road (Duck Creek) CSO, urban runoff Concrete channels
11 Indian Hills (Little Duck Creek) Urban runoff Residential, railroad
Kapoor et al.
92 aem.asm.org January 2015 Volume 81 Number 1Applied and Environmental Microbiology
 o
n
 M
arch 9, 2015 by NATL PUBLIC HLTH INST
http://aem
.asm
.org/
D
ow
nloaded from
 
assay) (36), Ent. faecium (Faecium1 assay) (37), and human-specific Bac-
teroidales (HF183 and BacHum assays) (38, 39).
The qPCR assays were performed as previously described by Ryu et al.
(37). Standard curves were generated by using plasmids containing the
sequences for each of the targeted genes. Controls containing no template
were used to check for cross contamination. In addition, PCR inhibition
was tested in cDNA and DNA extracts by using undiluted and 10-fold
dilutions of each extract as qPCR template. The absence of PCR inhibition
in samples was also confirmed by amplifying with general bacterial 16S
rRNA gene primers (BacT assay) (40). No-reverse-transcription controls
(undiluted and 10-fold diluted RNA samples) were used to confirm the
absence of DNA in RNA extracts.
Data analysis. The range of quantification and the limit of detection
for all of the qPCR assays were established in a previous study (27). The
marker copy number per 100 ml of water was calculated for all samples
subjected to qPCR with a cycle threshold (CT) value above background,
and all data were log10 transformed before statistical analysis. Cross-tab-
ulation bymeans ofVenndiagramswas used to detect the difference in the
detection frequency of RT-qPCR and qPCR assays for E. coli, Enterococcus
spp., and human-specific Bacteroidales. Differences in marker concentra-
tions were analyzed a using nonparametric Kruskal-Wallis one-way anal-
ysis of variance. The correlation between human-specific Bacteroidales
and conventional fecal indicators using RT-qPCR results was analyzed
using the logistic regression analysis. Pearson correlation coefficients were
also determined for the data sets. All analyses were performed using Mi-
crosoft Excel (2011), and correlation strength was interpreted according
to an accepted scale for biological statistics (41). All statistical test out-
comes were regarded as significant at a P of0.05.
RESULTS
Performance of qPCR assays. Standard curves were generated
using serial dilutions of known copy numbers to determine the
amplification efficiencies and linear range of the qPCR assays. The
qPCR amplification efficiencies for all of the assays ranged from
80.1 to 96.0%, with r2 values between 0.937 and 0.998. The linear
range of quantification for the qPCR assay of human-specific Bac-
teroidales (HF183 and BacHum) and E. colimarkers were between
10 and 105 copies, while the linear range for qPCR assay of Entero1
was 50 to 5 105 copies, and those for Faecalis and Faecium1were
between 102 and 105 copies. PCR inhibition tests were performed
with 10-fold dilutions of each DNA extract as described in Pit-
känen et al. (27). In these tests, aCT value proportional to a 10-fold
dilution relative to the undiluted DNA templates resulted, sug-
gesting that PCR inhibition did not interfere with the amplifica-
tion efficiency. No-template controls indicated the absence of
contamination in the qPCR experiments.
Detection ofmarkerswithRNAandDNAextracts.When the
results from the RNA- and DNA-based assays were combined, all
of the markers were detected in90% of water samples (n 66)
using both extracts. However, many of the water samples tested here
werepositive for someof themarkersonlywhenRNAwasusedas the
template (Fig. 1). Specifically, 8% (5 out of 66), 87% (45 out of 52),
and 85% (46 out of 54) of the samples positive for Entero1, Faecalis,
and Faecium1 markers, respectively, were detected using RT-qPCR,
but not with the qPCR assay counterpart. For human-specificBacte-
TABLE 2 Primers and probes used in this study
Assay
Primer or probe
ReferenceName or typea Sequence (5=–3=)b
Human-specific Bacteroidales (HF183) HF183-1 ATCATGAGTTCACATGTCCG 38
BthetR1 CGTAGGAGTTTGGACCGTGT 38
BthetP1 6FAM-CTGAGAGGAAGGTCCCCCACATTGGA-TAMRA 38
Human-specific Bacteroidales (BacHum) BacHum-160f TGAGTTCACATGTCCGCATGA 39
BacHum-241r CGTTACCCCGCCTACTATCTAATG 39
BacHum-193p 6FAM-TCCGGTAGACGATGGGGATGCGTT-TAMRA 39
General Enterococcus (Entero1) ECST748F AGAAATTCCAAACGAACTTG 35
ENC854R CAGTGCTCTACCTCCATCATT 35
GPL813TQ 6FAM-TGGTTCTCTCCGAAATAGCTTTAGGGCTA-TAMRA 35
Enterococcus faecalis (Faecalis) FaecalF CGCTTCTTTCCTCCCGAGT 36
FaecalR GCCATGCGGCATAAACTG 36
FaecalP 6FAM-CAATTGGAAA GAGGAGTGGCGGACG-TAMRA 36
Enterococcus faecium (Faecium1) CiumF TTCTTTTTCCACCGGAGCTT 37
CiumR AACCATGCGGTTTYGATTG 37
CiumP 6FAM-AGTAACACGTGGGTAACCTGCCCATCAGA-TAMRA 37
Escherichia coli (EC23S857) F GGTAGAGCACTGTTTtGGCA 34
R TGTCTCCCGTGATAACtTTCTC 34
P 6FAM-TCATCCCGACTTACCAACCCG-TAMRA 34
Total bacteria (BacT) BACT1369F CGGTGAATACGTTCYCGG 40
PROK1541R AAGGAGGTGATCCRGCCGCA 40
TM1389F 6FAM-CTTGTACACACCGCCCGTC-TAMRA 40
a F, forward; R, reverse; P, probe.
b 6FAM, 6-carboxyfluorescein, fluorescence reporter dye; TAMRA, 6-carboxytetramethylrhodamine, fluorescence quencher dye. Lowercase letters denote deliberately mismatched
bases.
RNA-Based MST Assays
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roidales, all samples were positive for both markers using RNA as
the template, while only 86 and 91% samples were positive for
HF183 and BacHum, respectively, using DNA as the template. In
contrast, the EC23S857 marker was detected in all water samples
using both RNA and DNA as the templates, except in one sample
where it was only detected using DNA.
Distributionofhost-specificand fecalbacteriamarker levels.
The concentration of human-specific Bacteroidales and fecal bac-
terial markers were measured for the water samples using both
RT-qPCR and qPCR assays. Overall, there was a good correlation
(r 0.85) between RNA- and DNA-based qPCR results for all of
the markers used in the present study. More interestingly, the
meanmarker abundance using RNAwas significantly higher (P
0.01) for all of the markers (Table 3).
The spatial distribution of the levels ofmarkers across the study
sites is represented in Fig. 2. The two human-specificBacteroidales
markers, HF183 and BacHum, exhibited a similar spatial distribu-
tion pattern across the sampling sites, although the level of
BacHum marker was 1 order of magnitude higher for all of the
samples. Both of themarkers tested positive at all of the sites using
RNA and DNA as the templates, with the exception of sites 6 and
11, where HF183 was not detected in most of the samples when
DNA was used as the template. The levels of the human-specific
Bacteroidales markers were statistically different (P  0.001,
Kruskal-Wallis one-way analysis of variance) from each other
among the study sites using both RT-qPCR and qPCR assays. Site
9 had the highest mean copy number for the human-specific Bac-
teroidales markers, while site 6 had the lowest copy numbers, for
both RNA and DNA based qPCR results.
Enterococci were present in all samples using the Entero1 assay
with RNA as the template with mean marker abundance 104
copies per 100ml ofwater, while theywere less frequently detected
when using the DNA-based qPCR assay. Using the RT-qPCR as-
say, Entero1markerwas positive in 5 of 66water samples thatwere
determined to be negative using qPCR assay. The detection fre-
quencies and concentrations of both Faecalis and Faecium1mark-
ers via RT-qPCR assay were greater than the qPCR assay (P 
0.01) (Table 3). Sites 4, 5, and 6 tested negative for both Faecalis
and Faecium1 when using DNA as the template, while they were
positive when using RNA as the template. E. coli was tested posi-
tive in most of the samples using the EC23S857 assay either by
RT-qPCR (97%) or qPCR assay (98%). There were no significant
differences in E. coli numbers among the study sites using both
RNA and DNA as the templates.
rRNA/rRNA gene ratio used to estimate the activity status of
cells. The copy number of rRNA and the rRNA gene for the dif-
ferent bacterial markers allowed us to estimate the ratio between
rRNA and the rRNA gene. The difference was quantified by using
RT-qPCR and qPCR to obtain the rRNA/rRNA gene ratio for
different bacterial cells present in the water samples.
The relationship between rRNA and rRNA gene copies for
each marker was examined (Fig. 3). There was a positive cor-
relation between individual rRNA and rRNA gene concentra-
tions (0.2 r2 0.8, n 396), suggesting that the activity of a
bacterial species (rRNA transcripts) frequently followed its rel-
ative abundance in the community (rRNA gene frequency).
The samples showing rRNA/rRNA gene ratios of1 were pre-
sumed to contain on average more active populations than
those samples with ratios of 1 (i.e., they have relatively high
number of ribosomes per bacterial cell). Most samples tested
with the species- or source-specific markers had higher rRNA
FIG 1 Occurrence of Enterococcus spp., E. coli, and human-specific Bacteroidales presented as Venn diagrams from CSO water samples using RT-qPCR and
qPCR. Numbers outside the circles represent numbers of samples that tested negative with both the methods.
TABLE 3 Distribution of molecular markers used in this study detected
via TaqMan RT-qPCR and qPCR assays (n 66)
Assay Target
Distribution (log10
copies/100 ml)
%
positiveaMean Range
Human-specific Bacteroidales
(HF183)
RNA 4.56 0.81–5.96 100
DNA 3.52 0.00–4.86 86
Human-specific Bacteroidales
(BacHum)
RNA 5.68 1.98–7.18 100
DNA 4.38 0.00–5.72 91
General Enterococcus
(Entero1)
RNA 5.76 3.49–6.80 100
DNA 3.73 0.00–4.78 92
Enterococcus faecalis
(Faecalis)
RNA 3.39 0.00–4.82 79
DNA 1.83 0.00–3.14 11
Enterococcus faecium
(Faecium1)
RNA 2.74 0.00–3.61 82
DNA 1.39 0.00–2.54 12
E. coli (EC23S857) RNA 3.64 0.00–4.69 97
DNA 2.53 0.00–3.41 98
a That is, the percentage of samples detected positive for the marker.
Kapoor et al.
94 aem.asm.org January 2015 Volume 81 Number 1Applied and Environmental Microbiology
 o
n
 M
arch 9, 2015 by NATL PUBLIC HLTH INST
http://aem
.asm
.org/
D
ow
nloaded from
 
levels than rRNA gene. Enterococcus spp. exhibited the highest
rRNA/rRNA gene ratios, suggesting that on average the targeted
populations are indeed active.
Correlation between human-specific Bacteroidales and fecal
indicator bacteria. The numbers of rRNA transcripts were used
to study the correlation between human-specific Bacteroidales
and conventional fecal indicators (enterococci and E. coli). The
human-specific Bacteroidales markers showed moderate correla-
tion with enterococci and E. coli RT-qPCR results, which are the
most frequently used water quality indicators (Table 4). There
were low to moderate correlations between human-specific Bac-
teroidales and fecal enterococci markers (Entero1, E. faecalis, and
E. faecium) in the present study (Fig. 4). There was a weak corre-
lation between the HF183 and Faecalis markers in the samples
(correlation coefficient, r2 0.14, P 0.001), although Faecium1
exhibited slightly moderate correlation with the HF183 marker
(r2 0.32,P 0.001).HumBac also showed similar correlation as
HF183 with both Faecalis (r2  0.14, P  0.001) and Faecium1
(r2  0.30, P  0.001). Only few samples generated quantifiable
qPCR results using Faecalis and Faecium1 assays, and therefore it
was not possible to determine a relationship between these vari-
ables when using DNA as the template.
DISCUSSION
We demonstrated that the use of rRNA-based RT-qPCR assays
increased the detection frequency of some fecal bacteria and host-
specific markers in surface water samples from the Duck Creek
Watershed, which is mainly impacted by CSOs and SSOs. The
increased sensitivity with the rRNA based approach can be attrib-
uted to the high numbers of rRNA molecules present within the
FIG 2 Spatial variation in levels of markers across study sites using RNA based RT-qPCR and DNA-based qPCR assays.
FIG 3 Relationship between rRNA and the rRNA gene for fecal markers as
determined by RT-qPCR and qPCR. The dashed line represents the 1:1 rRNA/
rRNA gene ratio to highlight the relative activity levels as established byCamp-
bell et al. (30).
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bacterial cells. Since the abundance of rRNAmolecules is the product
of cell growth and its physiological state (18, 30), the rRNA-based
approach should also provide information on the general meta-
bolic status of the targeted bacterial populations. From a public
health standpoint, this information may be important for a better
understanding of the potential risks associated with the presence
of fecal bacteria in water, assuming that the presence of active
waterborne pathogens is likely to correlate better with the pres-
ence of active fecal bacterial indicators thanwith dead cells (which
may be detected via extracellular DNA).
Since DNA can persist inmetabolically inactive cells or in dead
cells, and in the environment as extracellular or “naked” DNA
(16), it has been suggested that this DNA fraction often contrib-
utes to the signal in qPCR-based MST methods (15). The fre-
quency and significant contribution of “naked” DNA and DNA
from dead cells is not determined in most environmental studies.
However, it has been reported that the presence of nonreplicating
DNA in marine water samples may range between 75 to 90% of
total extractable DNA, some of which could be considered detrital
in nature (i.e., associatedwith dead cells or absorbed to particulate
matter) (42). More recently, Collins and Deming (43) reported
that the amount of extracellular DNA exceeded the concentration
of DNAwithin bacteria present in seawater. Although the amount
of nonreplicating DNA in freshwater systems has been studied in
less detail, dissolvedDNAhas been detected in river water samples
(44). In addition, the occurrence of small bacteria (i.e.,1.0m)
in river samples, some of which may be associated with nonactive
bacteria, has been reported to be ca. 40% of the total bacterial
community (45). These studies suggest that a significant fraction
of bacterial signals detected via PCR and qPCR methods may be
the result of organisms that are ecologically irrelevant to ecosys-
tem function, although the role of this DNA pool in genetic ex-
change (i.e., via natural transformation) may be significant in
some cases. The public health relevance, however, could be signif-
icant via the introduction of artifacts (false positives) thatmay not
correlate with the levels of recent contamination events, the iden-
tification of predominant pollution sources and the fate and trans-
port of fecal bacterial groups. In contrast, rRNA is actively de-
graded by cellular mechanisms under certain stress conditions
(e.g., starvation) and deteriorates in the environment much faster
than DNA (17). However, due to the dependence of rRNA levels
on the physiological state of the cells, it is difficult to correlate
rRNA numbers with actual bacterial cell densities. Therefore, the
applicability of DNA-based methods to measure cell numbers is
still relevant. From a regulatory perspective, we need additional
studies to further evaluate the use of rRNA based methods for
setting regulatory thresholds and developing risk assessment
models.
The application of rRNA-based assays to detect active bacteria
has proven useful in several studies (18–21). In a previous study,
we demonstrated that the detection frequency of rRNA-based as-
says were in better agreement with the culture based detection of
E. coli and enterococci in surface waters than that of rRNA gene-
based assays, suggesting that rRNA signals were associated to ac-
tive bacterial populations (27). Here, we applied rRNA based RT-
qPCR assays for the identification and quantification of fecal
bacteria and human-specific markers in an urban watershed im-
pacted by fecal contamination. The greater sensitivity of rRNA-
based assays over the rRNA gene-based detection obtained in our
TABLE 4 Pearson’s correlation coefficients between human-specific Bacteroidales and fecal bacteria using RT-qPCR results (n 66)
Bacteroidales and fecal bacteria
Pearson’s correlation coefficient (r)
Human-specific
Bacteroidales (HF183)
Human-specific
Bacteroidales (BacHum)
General Enterococcus
(Entero1)
E. faecalis
(Faecalis)
E. faecium
(Faecium1)
E. coli
(EC23S857)
Human-specific Bacteroidales (HF183) 1 0.991 0.587 0.379 0571 0.597
Human-specific Bacteroidales (BacHum) 1 0.588 0.377 0.551 0.605
General Enterococcus (Entero1) 1 0.718 0.772 0.680
E. faecalis (Faecalis) 1 0.669 0.534
E. faecium (Faecium1) 1 0.693
E. coli (EC23S857) 1
FIG 4 Correlation between human-specific Bacteroidales and fecal indicators
using RT-qPCR. (A andB)HF183 versus enterococcusmarkers (A) andHum-
Bac versus Enterococci markers (B) (n  66). The linear regression lines be-
tween human-specific Bacteroidales and enterococci are represented as a solid
line for Entero1, a dotted line for Faecalis, and dashed line for Faecium1.
Kapoor et al.
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results is also consistent with previous studies targeting RNA and
DNA based on molecular markers for enumeration of bacteria in
drinking water (46, 47), in coastal and environmental waters (30,
48), including waters impacted with fecal pollution (27), and in
soil and sediments (26, 49, 50). The signals of human-specific
Bacteroidales, E. coli, and Enterococcus spp. obtained by RT-qPCR
analyses were compared to those determined using the conven-
tional qPCR method (i.e., DNA-based signals), which is com-
monly utilized for determining the abundance of fecal bacteria in
environmental waters. The RT-qPCR results provided higher
quantitative values of fecal bacteria (up to three orders of magni-
tude; see Fig. 2) than the qPCR results obtained from the same
sample. This is presumed to be based on the difference in meta-
bolic activity of bacterial cells and their relative concentrations in
the environment. These results demonstrate that targeting rRNA
via RT-qPCRmay provide up to 1,000-fold greater sensitivity over
corresponding rRNAgene targets. Indeed, the higher sensitivity of
RT-qPCR technique compared to qPCR have been reported for
quantification of bacteria in natural and engineered systems such
as human gut (28), marine sediments and grasslands (50, 51),
environmental waters (27), and activated sludge processes (21,
52). Thus, in our study, the increased detection of fecal bacteria
markers via rRNA-based signals suggests that RT-qPCR assays
may be better suited for tracking and quantifying active fecal bac-
teria in environmental waters when the targeted groups are pres-
ent at relatively low levels.
Human sewage contamination of surface waters is a serious
concern for populations living in urban settings and for aquatic
ecosystems in general. However, there are limited studies related
to the identification of primary sources of fecal pollution in wa-
terways using RNA as the target molecule. Fecal bacteria may be
introduced into surface waters through numerous sources such as
municipal waste from household sewage treatment systems,
CSOs, SSOs, leaky septic tanks, and stormwater and urban runoff
(2, 6, 7). In the present study, we quantified the extent of human
fecal contamination in an urban watershed by an integrated anal-
ysis of host-specific markers and fecal bacteria. The assessment of
study sites for human Bacteroides demonstrates that sewage
sources of fecal pollution are major contributors to water quality
deterioration within our study area. Because the Duck CreekWa-
tershed does not encompass agriculture or farming runoff, and
the creeks are too small for recreational use, the primary source of
human-specific Bacteroidales can be attributed to the waste influx
fromnearbyCSOs. Since tributaries in theDuckCreekWatershed
flow into the Ohio River, these sources appear to represent a
chronic and relatively constant source of human contamination.
This has been suggested in a previous study (33); altogether, these
data supports the use of Bacteroidales markers as effective indica-
tors of human fecal contamination.
The microbial source tracking study undertaken in the Duck
CreekWatershed substantiates that human fecal pollution is prev-
alent and is highly reflective of the architecture of the surrounding
environment. On the other hand, based on the RT-qPCR data the
low to moderate correlation between Bacteroidales and the fecal
indicator assays highlights the ambiguity of enterococci and E. coli
as robust fecal pollution surrogates (53, 54) (Table 4). For exam-
ple, relatively high levels of E. coli were found in the samples with
low to moderate levels of human-specific Bacteroidales markers.
This may be due to variable persistence of different markers after
release from their hosts (53–55). In addition, other sources of E.
coli, besides human inputs, may be present in the watershed,
which is consistent with other reports identifying nonhuman
sources such as domesticated animals (56). These findings also
illustrate the extent inwhichE. coli and enterococcus levelsmay be
uncoupled to evidence of human sewage contamination in the
urban environment. Furthermore, the moderate correlation of E.
faecalis and E. faecium markers with the general enterococci (En-
tero1) suggests that other enterococci speciesmay predominate in
these waters. Since E. faecalis and E. faecium are considered the
most abundant enterococcus species in human feces, these data
highlight the need for further understanding the ecology of en-
terococci in natural settings.
Overall, we suggest that the results presented here should assist
with future risk assessments for urban watersheds, particularly
those affected by CSOs. However, future epidemiological studies
must be conducted to determine whether RNA-based detection
increases the correlation between the detection and activity levels
of fecal indicators and illness associated with exposure to water-
borne pathogens. Moreover, since MST methods may improve
risk assessments of different pollution sources (57), it remains to
be seenwhether host-specific signals based onmetabolically active
cells add value to predictive risk models. In spite of these research
gaps, our data suggest that RNA-based assays may be used in sev-
eral applications, including in studiesmeasuring the environmen-
tal fate and transport of fecal bacteria.
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